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Abstract

Background. The objective of this study was to evaluate the contribution of radiation dose to different intracranial
structures on changes in intellectual function for children with brain tumors.

Methods. We evaluated children with brain tumors treated in 2005-2017 who had longitudinal neuropsychological
assessments and available photon dosimetric data (if radiation therapy [RT] given). Full Scale Intelligence Quotient
(FSIQ) and index scores were evaluated (perceptual reasoning index [PRI], processing speed index [PSI], verbal
comprehension index [VCI], and working memory index [WMI]). Multivariable linear mixed effects models were
used to model endpoints, with age at RT and dose to different brain regions as fixed effects and patient-specific
random intercepts. P-values (P*) were adjusted for multiple comparisons.

Results. Sixty-nine patients were included, 56 of whom received RT. Median neuropsychological follow-up was 3.2 years.
Right temporal lobe mean dose was strongly associated with decline in FSIQ (P* = 0.005); with each gray increase in
mean dose, there was a decrease of 0.052 FSIQ points per year. Dose to 50% (D50) of the supratentorial brain was associ-
ated with decline in PSI (P* = 0.006) and WMI (P* = 0.001). Right and left hippocampus D50 were individually strongly as-
sociated with declines in VCI (P* = 0.009 for each). Presence of a ventriculoperitoneal shunt decreased FSIQ by 10 points.
Conclusions. We reported associations between dosimetry to specific brain regions and intellectual outcomes,
with suggested avoidance structures during RT planning. These models can help clinicians anticipate changes in
neurocognition post-RT and guide selection of an optimal RT plan.

Key Points
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Importance of the Study

Radiation therapy for children with brain tumors can
result in intellectual changes over time. However, the
brain structures most vulnerable to RT are not well un-
derstood. In this study, we found that mean dose to the
right temporal lobe was most strongly associated with
decline in full scale 1Q, while dose to 50% (D50) of the
supratentorial brain was associated with declines in
processing speed and working memory. Furthermore,

Radiation therapy (RT) plays an important curative role in
many pediatric brain tumors, such as medulloblastoma,
ependymoma, and craniopharyngioma. However, it is
now well known that exposure of developing brain tissue
to therapeutic radiation can cause long-term neurocognitive
sequelae.?® In a Childhood Cancer Survivor Study of pa-
tients who had a childhood brain tumor, use of RT or
ventriculoperitoneal (VP) shunt or presence of hearing
impairment were associated with challenges in patient-
reported measures of cognitive function later in life.*

Improvements in RT planning and delivery have al-
lowed for precise treatment of tumor targets and quanti-
tative evaluation of dose to specific substructures within
the brain. Few studies have employed volumetric radia-
tion dosimetry to specific brain substructures to model
change in intellectual function following RT. Availability
of 3-dimensional dose data allows delineation and quan-
tification of the effects of irradiating different parts of the
brain, such as the hippocampus, supratentorial brain,
or temporal lobes. Furthermore, volumetric dosimetry
allows for calculation of dose-volume metrics, such as
mean brain dose or dose to 50% of the structure (D50),%
to more clearly define parameters that are associated
with intellectual changes.

Comprehensive neuropsychological assessment is re-
commended for pediatric patients who have had RT to
the brain or certain types of chemotherapy.®’ An age-
appropriate standardized test of intelligence is one of the
measures that may be used. The most commonly used
tools are the Wechsler Intelligence Scales, which provide
the Full Scale Intelligence Quotient (FSIQ).8The FSIQ com-
prises multiple, specific cognitive processes; analysis of
only broad measures such as FSIQ can obfuscate more
specific brain-behavior relationships. Instead, core cog-
nitive functions, such as processing speed and working
memory, have been shown to be more sensitive to specific
treatment effects (such as RT) to different brain structures
than FSIQ in pediatric brain tumor patients.®

The contribution of quantitative radiation dosimetry of
individual intracranial structures to intellectual variables is
not clear. Radiation to specific brain regions may lead to lo-
calized cognitive changes. It is not known which structures
are most important for each domain of intellectual function
after RT and how changes in dose to those structures can
affect global and specific intellectual functions.

The goal of this study was to create models of intellec-
tual function after RT based on quantitative dosimetric

left and right hippocampus D50 were individually as-
sociated with verbal comprehension. These findings
have important implications for neuro-oncologists, ra-
diation oncologists, and neuropsychologists, and will
guide clinicians in treatment decision making, RT plan-
ning, and further research to minimize the burden of
late effects for children undergoing treatment for brain
tumors.

metrics to brain substructures, as well as clinical and treat-
ment factors. This will allow us to better understand which
brain structures are most sensitive to RT with respect to
changes in full scale 1Q and index scores of global intellec-
tual function (perceptual reasoning index [PRI], processing
speed index [PSI], verbal comprehension index [VCI], and
working memory index [WMI]). We hypothesize that higher
radiation doses to specific brain structures are associated
with lower intelligence domain scores.

Materials and Methods

This was a retrospective study of patients who received
neuro-oncology care at the Hospital for Sick Children and
radiation treatment at Princess Margaret Cancer Centre
in Toronto, Canada. Patients were eligible if they were
age 18 or under at the time of diagnosis, had a primary
brain tumor treated between 2005 and 2017, and had lon-
gitudinal (2 or more) neuropsychological assessments
after their brain tumor diagnosis (see Supplementary
Figure 1). Patients who did not receive RT were eligible
for inclusion to create a group of patients who had zero
dose to any brain structures to ensure robust modeling
of baseline function and non-RT variables (including
the model intercepts and fixed effect coefficients). A di-
rect comparison of the patients treated with or without
RT was not made because of different indications for
RT in our population. Neuropsychology evaluations
done after tumor recurrence were excluded. All pa-
tients were covered by the government-funded Ontario
Health Insurance Plan. This study was approved by the
research ethics boards of the Hospital for Sick Children
and University Health Network.

Clinical, pathologic and intellectual data were retrieved
from patient records. Radiation was delivered using photon
linear accelerators; no patient received proton therapy.
All focal and boost RT plans were delivered using inten-
sity modulated RT or volumetric modulated RT. Composite
radiation dosimetry, radiation planning CT datasets, and
fused and registered MR T1/T2/fluid attenuated inver-
sion recovery images were retrieved from the treatment
planning system (TPS). Brain regions and substructures
(whole brain, supratentorial brain, infratentorial brain, cer-
ebellum, right and left temporal lobes, right and left hippo-
campi) were manually contoured in the TPS. Hippocampal
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contours were done using the RadiationTherapy Oncology
Group 0933 atlas.’® Normal brain was defined as the whole
brain minus the gross tumor volume contour. Mean dose™
and dose to 50% of the structure (D50)'? were recorded.

Neuropsychology Testing

Prospective neuropsychological surveillance was offered
to families as standard of care for children treated with up-
front, curative-intent radiation for brain tumors. Patients
were then seen for repeat psychology testing every
2-3 years, concurrent with routine neuro-oncology care.
Due to the longitudinal nature of this study, different test
versions were used; tests that were administered included
the Wechsler Preschool and Primary Scale of Intelligence
version Il or IV,"® Wechsler Intelligence Scale for Children
version Ill, IV, or V.2 or Wechsler Adult Intelligence Scale
version Ill or IV,"* depending on the child’s age. Two as-
sessments for 2 different patients were performed using
the Wechsler Abbreviated Scale of Intelligence.’® One pa-
tient had 2 of 4 assessments done using the Stanford-Binet
Intelligence Scale'® due to marked cognitive deficit; these 2
evaluations reported only FSIQ and VCI. A list of all evalu-
ations and test versions is provided in Supplementary
Table 1. The measures have good convergent validity, with
correlations for composite scores ranging from 0.80 to 0.92
across measures and test versions administered in this
study.6-21

For the Wechsler Intelligence scales, FSIQ, PRI, PSI, VCI,
and WMI were analyzed to capture global and specific in-
tellectual functions.® FSIQ is a reliable measure of overall
cognitive functioning; the VCI measures verbal reasoning;
the PRI evaluates interpretation and organization of visual
and nonverbal information; the WMI measures attentional
and concentration abilities as well as mental manipulation
ability; and the PSI evaluates the speed of graphomotor
and mental processing. Each score has a mean of 100 and
standard deviation of 15. Higher values indicate greater in-
telligence scores.

Statistical Analysis

Baseline characteristics were reported descriptively.
Multivariable linear mixed effects analyses were used to
model each longitudinal intellectual endpoint, with age at
RT and dose to different brain regions as fixed effects and
patient-specific random intercepts. This method is able to
model baseline function (the intercept, ) even in patients
whose first neuropsychology evaluation was done after RT
had started. To create models, we first evaluated the fol-
lowing variables in Model 1:

Outcome = By + 31 Age x Time x RT + 3, Co-variate

where age at RT and time since RT are in years, and RT is
binary (0 for no and 1 for yes).

The Age xTime term was used because all the endpoints
are age standardized and are expected to share the same
value at time zero." Age was included as a continuous var-
iable. The RT variable in term (3, is present because this
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term dropped out in patients treated without RT. Other
covariates that were individually evaluated included: pres-
ence of any hydrocephalus; VP shunt; any use of: VP shunt,
endoscopic third ventriculostomy (ETV), or Ommaya res-
ervoir; posterior fossa syndrome; number of surgeries at
diagnosis (ie, if second-look surgery was done); use of
any chemotherapy; and provision of craniospinal irradia-
tion (CSI). Hydrocephalus was quantified using the frontal
and occipital horn ratio, with a normal threshold of <0.37.2
Only the VP shunt covariate contributed significantly to the
model and was subsequently included as a fixed effect;
this is described further in the Results section.

Dosimetry to individual brain substructures was then
evaluated in Model 2:

Outcome = g + 31 Age x Time x RT
+ B2 VPshunt + 3 Dose x Time

where age at RT and time since RT are in years, RT and VP
shunt are binary (0 for no and 1 for yes), and RT dose (to
the specified brain structure) is in gray (Gy).

The dose to brain substructures were individually evalu-
ated in the above model. Dosimetric variables chosen
a priori included: supratentorial brain mean and D50,
infratentorial brain mean and D50, cerebellum mean and
D50, left temporal mean and D50, right temporal mean and
D50, left hippocampus mean and D50, right hippocampus
mean and D50, whole brain mean, normal brain mean).
Correlation between dosimetric measures were reported
using Pearson’s correlation coefficient. The structure and
metric with the strongest association with an intellectual
endpoint (ie, smallest P-values) was selected for inclusion
in the final model. P-values for all coefficients, including
the dosimetry coefficient term (f3,), were obtained through
the likelihood ratio test by assessing the goodness of fit
of 2 nested models, with and without the 3, term. Where
indicated with an asterisk, P-values (P*) were adjusted for
multiple comparisons using the false discovery rate (FDR)
method to account for the number of dosimetric variables
tested.This is also known as a g-value; a threshold of <0.05
was used for statistical significance. Subsequently, we cre-
ated plots of each endpoint at 3-year post-RT follow-up
while varying RT dose to brain substructures, age at RT,
and presence or absence of VP shunt. Three-year follow-up
was chosen because it was the approximate median neu-
ropsychological follow-up time. Statistical analyses were
performed using R v3.5.2.

Results

Seventy-eight patients met initial eligibility criteria of
having a primary brain tumor diagnosis and for whom
longitudinal neuropsychological assessment (2 or more
assessments) was available. Nine patients were excluded
because they had developed a tumor recurrence prior to
their second neurocognitive evaluation. The final analysis
cohort included 69 patients (Figure 1).

Baseline characteristics of the study cohort are listed
in Table 1. Among 56 patients in the final RT cohort, the
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Brain tumour patients with >2 neuropsychological assessments
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Fig. 1 Flow diagram of patients included in this study. Patients
were excluded if they had a recurrence after treatment but before
their second neurocognitive evaluation.

median total prescription was 55.8 Gy (range, 23.4-59.4
Gy). The median CSI| dose was 23.4 Gy (range, 18.0-39.6
Gy; n=22). Radiation doses to organs at risk for all pa-
tients in the cohort are listed in Supplementary Table 2.
Correlation between the dosimetry variables is shown in
Supplementary Figure 2.

Median neuropsychological follow-up was 3.2 years
from first to last assessment. Median time from diagnosis
to last assessment was 4.6 years. Median times from RT
to first and last assessments were 0.4 and 4.2 years, re-
spectively. A total of 165 assessments were included; all
patients had 2 or more evaluations, while 22 had 3 evalu-
ations, 4 patients had 4 evaluations, and a single patient
had 5 evaluations. Median time between first and second
evaluation was 2.3 years, between second and third was
3.1 years, and between third and fourth was 2.9 years.
Spaghetti plots of all intellectual scores are shown in
Figure 2, stratified by receipt of RT. Improving and de-
clining intellectual trajectories were both seen in patients
treated with and without RT, indicating variability in an in-
dividual child’s longitudinal changes. Spaghetti plots for
intellectual scores, with index time at the start of RT, are
shown in Supplementary Figure 3. Correlation between
endpoints is shown in Supplementary Figure 4.

Full-Scale IQ

Patient age at RT and presence of VP shunt (P=0.02) were
associated with change in FSIQ. Presence of a VP shunt de-
creased FSIQ by 10.2 points. Mean radiation dose to the
right temporal lobe was also strongly associated with
change in FSIQ; inclusion of the dose term improved the
model fit (P=0.0007). After adjusting for these variables,
posterior fossa syndrome (P=0.42), number of surgeries
(P=0.29), chemotherapy (P=0.12), and CSI (P=0.71) were
not associated with FSIQ, and were not included in the
final model. The model coefficients for Model 2 are listed
inTable 2. Each Gy increase in mean dose to the right tem-
poral lobe led to a 0.052-point decrease in FSIQ per year.

Table1 Baseline characteristics of all patients

Variable N=69
Sex
Female 31 (45%)
Male 38 (55%)
Age, y, at tumor diagnosis, median (range) 6(1-16)
Age, y, at radiation,® median (range) 8(1-17)
Diagnosis
Atypical teratoid/rhabdoid tumor 4 (6%)
Craniopharyngioma 12 (17%)
Embryonal tumor® 22 (32%)
Ependymoma 13 (19%)
Germ cell tumor 8(12%)
Low-grade glioma 7 (10%)
Other® 3 (4%)
Infratentorial tumor involvement 34 (49%)
Hydrocephalus at diagnosis 50 (72%)
VP shunt 16 (23%)
VP shunt, ETV, or Ommaya 23 (33%)
Right-handed 62 (90%)
Posterior fossa syndrome 7 (10%)
Baseline index scores at first assessment, median
(range)
Full scale IQ 91 (47-127)
Perceptual reasoning 91 (45-128)
Processing speed 88 (560-127)
Verbal comprehension 95 (45-132)
Working memory 95 (66-127)
Treatments
Number of tumor-directed surgeries, median 1(0-3)
(range)
No adjuvant treatment, surgery only 2 (3%)
Chemotherapy 53 (77%)
Radiation, any field 56 (81%)
Craniospinal irradiation® 22 (32%)
Radiotherapy technique®
3DCRT 5 (9%)
IMRT 45 (80%)
VMAT 6 (11%)
Daily general anesthetic during radiation 11 (16%)

3DCRT, 3-dimensional conformal radiation therapy; IMRT, intensity
modulated radiation therapy (step-and-shoot); VMAT, volumetric modu-
lated arc therapy.

an = 56.

®Includes one of each of pineoblastoma and primitive neuroectodermal
tumor; otherwise medulloblastoma (n = 20).

Includes one each of pleomorphic sarcoma, anaplastic astrocytoma,
and meningioma.

dCraniospinal irradiation includes RT to the whole brain using a 3DCRT
technique

eFor patients who had craniospinal irradiation followed by focal tumor
boost, the focal boost technique was recorded.
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Fig.2 Spaghetti plots of intelligence endpoints since time of diagnosis. Colors represent patients who did (red) or did not (blue) receive RT. (A)

Full scale 1Q. (B) Perceptual reasoning. (C) Processing speed. (D) Verbal

comprehension. (E) Working memory. Because this study was not in-

tended to compare those who did or did not receive RT (due to different indications for RT), regression lines were not created to compare these

2 groups.

Table 3 shows FSIQ values, modeled across various clinical
scenarios.

Intelligence Index Scores

We subsequently evaluated the effect of dosimetry on index
scores. Mean dose to the right temporal lobe was associ-
ated with declines in PRI (P=0.036), but this effect was lost
after FDR adjustment for multiple comparisons (P* = 0.26).
No other clinical variable was associated with PRI after
adjusting for age at RT and VP shunt (P=0.035). P-value
was 0.2 for each of posterior fossa syndrome, number of
surgeries, chemotherapy, and CSI (in separate models).
Processing speed index was most strongly associated
with D50 of the supratentorial brain; each Gy increase in
D50 led to a 0.097-point decrease in PSI per year. As com-
pared with a model without dose to the supratentorial
brain, inclusion of the dose term significantly improved
the model fit (P=0.0004). Again, no other clinical variable
(tested in separate models) was associated with PSI after
adjusting for age at RT and VP shunt (P=0.021): posterior
fossa syndrome (P = 0.080), number of surgeries (P=0.81),
chemotherapy (P=0.41), and use of CSI (P=0.28).

Therefore, the variables in the final model are the same as
those for FSIQ (Model 2).

Similar to PSI, D50 of the supratentorial brain was also
associated with WMI. Each Gy increase in D50 led to a 0.1
decrease in WMI points per year. As compared with a model
without a dose term, inclusion of dose to the supratentorial
brain significantly improved the model fit (P=0.0001).
No other clinical variable was associated with WMI after
adjusting for age at RT and VP shunt (P=0.069). P-values
were >0.3 for each of posterior fossa syndrome, number of
surgeries, chemotherapy and CSI. Again, the variables in the
final model are the same as for FSIQ and PSI (Model 2).

Because the D50 to each hippocampus was strongly
co-linear (Supplementary Figure 2), 2 models for VCI were
created and reported separately inTable 2. D50 values to the
left and right hippocampi were both strongly associated with
VCI, with each Gy increase in D50 leading to a 0.04-point de-
crease in VCI per year. Again, inclusion of the doses to the
hippocampi separately improved model fit compared with no
dose term (P = 0.009 for each hippocampus). No other clinical
variable was associated with VCI after adjusting for dose to
the right hippocampus, age at RT, and VP shunt (P=0.032):
posterior fossa syndrome (P=1.0), number of surgeries
(P=0.19), chemotherapy (P=0.12), and use of CSI (P=0.43).

491
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Table2 Coefficients for longitudinal models evaluating intelligence endpoints*

RT Dose Metric

Endpoint

Variable

Estimate Standard Error P-value

FSIQ Right temporal lobe mean 68 B, (intercept) 92.08 2.22 <0.0001

B, (age® x time) 0.09 0.06 0.18

B, (VP shunt) -10.18 4.39 0.023

P, (dose x time) -0.05 0.02 0.00073  0.0048
PRI Right temporal lobe mean 69 B, (intercept) 93.89 2.32 <0.0001

B, (age® x time) 0.03 0.08 0.71

B, (VP shunt) -9.40 4.56 0.043

P, (dose x time) -0.04 0.02 0.036 0.26
PSI Supratentorial brain D50 67 B, (intercept) 88.10 2.15 <0.0001

B, (age® x time) 0.16 0.07 0.029

B, (VP shunt) =£).21 4.14 0.03

P, (dose x time) -0.10 0.03 0.00032  0.0059
VCI (model A) Right hippocampus D50 69 B, (intercept) 97.47 2.23 <0.0001

B, (age® x time) 0.09 0.08 0.23

B, (VP shunt) -9.09 4.39 0.042

P, (dose x time) -0.04 0.01 0.0019 0.0095
VCI (model B) Left hippocampus D50 69 B, (intercept) 9745 2.24 <0.0001

B, (age® x time) 0.10 0.08 0.22

B, (VP shunt) -8.91 4.42 0.048

B, (dose x time) -0.04 0.01 0.0021 0.0095
WMI Supratentorial brain D50 68 B, (intercept) 95.32 2.15 <0.0001

B, (age® x time) 0.14 0.07 0.055

B, (VP shunt) -7.05 4.20 0.098

B, (dose x time) -0.10 0.03 0.00012  0.0014

*Negative estimates indicate a decrease in the intelligence score. The equation for calculating endpoints is presented as Model 2 in the Materials

and Methods section.

@ Number of patients evaluable in each model.
b Age at RT, in years.

¢ P-value adjusted for multiple comparisons.

Intelligence domain scores at 3-year follow-up, by dose to
brain substructure and stratified by age at RT and VP shunt,
are shown in Figure 3. VP shunt, age at RT, and dose were all
associated with changes in intellectual scores post-RT.

For each intellectual domain, the statistical significance
of VP shunt was the strongest of the 3 hydrocephalus-
related variables (also examined were presence of any
hydrocephalus or any use of VP shunt, ETV, or Ommaya);
therefore, VP shunt was retained in all models as a fixed ef-
fect. None of the other covariates evaluated (as described
in Methods) were significant, either as a covariate alone
(as a B, term in Model 1) or as a covariate in addition to
VP shunt. Distribution of hydrocephalus and treatments
thereof are listed in SupplementaryTable 3.

Discussion

In this study, we evaluated the association between clin-
ical variables, radiation dosimetry to brain substructures,

and neuropsychological outcomes across multiple intel-
ligence domains. We found significant associations be-
tween mean dose to the right temporal lobe and decline in
FSIQ, dose to 50% of the supratentorial brain with declines
in PSI and WMI, and dose to 50% of both hippocampi sep-
arately with decline in VCI. These findings will guide onco-
logists during RT treatment planning, allow practitioners
to anticipate expected changes in cognition following RT,
and direct application of early educational interventions
for at-risk patients.

To our knowledge, this is the first study to report the re-
sults of longitudinal intelligence testing in a large cohort of
pediatric patients with different diagnoses, correlated with
radiation dosimetry to a variety of different brain substruc-
tures. The availability of intelligence metrics, including
FSIQ, and of specific index scores and their association
with volumetric RT dosimetry is relatively unique to the
pediatric radiation oncology literature. Some prior studies
have evaluated the association with radiation dosimetry
and specific neuropsychological subdomains (rather than a
comprehensive, broad evaluation of intelligence and index
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Predicted Full Scale 1Q

Baseline pre-RT?

3 years post-RT 5 years post-RT

Age at RT, y VP Shunt Right Temporal Lobe,
Mean Dose, Gy
4 No 15
4 No 30
4 Yes 30
8 No 15
8 No 30
8 Yes 30
16 No 15
16 No 30
16 Yes 30

92.1 90.8 90.0
92.1 88.5 86.1
81.9 78.3 /589
92.1 91.9 91.7
92.1 89.5 87.8
81.9 79.4 777
92.1 94.0 95.3
92.1 91.7 91.4
81.9 815 81.2

*Intellectual endpoint values for any clinical scenario may be calculated using Model 2 (in the text) and the coefficient values in Table 2.

3V/alues are unchanged with age because full scale |Q is age standardized.

scores). For example, Merchant et al studied the effect of
dose on brain substructures in 39 and 58 patients with
medulloblastoma and 76 patients with ependymoma.™-2324
Dose to cerebellar structures was important for estimated
IQ (EIQ) and academic achievement tests for reading,
mathematics, and spelling evaluated with the Wechsler
Individual Achievement Tests.

Importantly, 2 domains were most strongly associ-
ated with RT dosimetry to large regions of the brain
(supratentorial compartment): processing speed and
working memory. This contrasts with verbal comprehen-
sion, which was associated with dose to a more localized
region of the brain (hippocampus). Processing speed is
known to be a vulnerable domain after wide-field RT, in-
cluding cranial RT for leukemia and CSI for primary brain
tumors.?>?7 Working memory is also known to decline
after photon CSI,28 though this effect may be mitigated
by proton CSI followed by proton boost radiotherapy.?®
Minimizing dose to broad regions of the brain is possible
and important in patients with localized brain tumors re-
ceiving focal irradiation, but more challenging in tumors
requiring CSI. Nonetheless, any reduction in dose to the
brain, such as with highly conformal boost RT, may be
helpful to maintain intelligence function over time, even
after proton CSI.30

Our finding that the temporal lobe and hippocampus
were important for some cognitive domains is con-
sistent with prior works. Acharya et al evaluated 80 pa-
tients aged 6 to 21 years treated on a prospective phase
Il study of radiation for brain tumors (RT1).3" In that
study, memory was evaluated using the California Verbal
Learning Test-Children’s Version, and both right and
left hippocampal dosimetry were associated with var-
ious memory recall endpoints. In a study of 70 patients
with varied diagnoses and RT fields, investigators from
Boston found that the volume of the left hippocampus
receiving 20 Gy was associated with delayed memory
scores, both visual and verbal, after proton therapy.3?
A multi-institutional study of pediatric brain tumor patients
evaluated 14 patients using the Children’s Memory Scale;
performance on some memory subtests was associated

with dose to the whole brain and right hippocampus.®® In
a study by Goda et al, mean doses of >30 Gy to the left
hippocampus were associated with FSIQ declines of >10%
in older children with mainly craniopharyngioma and
suprasellar gliomas.®*

A few studies from the literature did evaluate RT to
other brain regions and neurocognitive change. In a
study of posterior fossa tumors treated with CSl (n=17)
or no RT (n=13), orbitofrontal RT was associated with
declines in working memory, while declines in proc-
essing speed were associated with RT to the posterior
fossa and temporal lobe.3® Notably, all patients who re-
ceived RT were treated with CSI. Another study, which
compared 20 patients who received RT to 55 healthy con-
trols, found that RT dose to components of the corpus
callosum was associated with declines in dexterity and
processing speed.36

The left and right hippocampi are related but distinct
structures®”38; however, it is unclear why some studies
found stronger associations with one side. The right hip-
pocampus is classically associated with nonverbal proc-
essing.%® However, it is known that lateralization advances
with brain maturation over time.* Thus, in children, lat-
eralization of specific brain functions to one side or the
other may not be well developed. This may explain our
finding that both left and right hippocampi were associ-
ated with verbal comprehension. Furthermore, doses to
left and right structures were correlated (r=0.89 and 0.93
for the temporal lobes and hippocampi, respectively; see
Supplementary Material). When patients are treated with
conformal RT to a midline target, such as in patients with
ependymoma, medulloblastoma, or craniopharyngioma,
the doses to paired structures are also expected to be sim-
ilar. The lack in variation of dose between right and left
increases the difficulty of finding specific associations be-
tween neuropsychological change and paired, lateralized
structures without large datasets. Therefore, the laterality
of the hippocampi, temporal lobes (which contain the
hippocampi), and other brain structures and their relation-
ships with RT with respect to intelligence change require
further evaluation.
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Fig.3 Modeled intelligence endpoints at 3 years post-RT, by dose to brain substructure, age at RT, and presence of VP shunt (D50 = dose to 50%
of the structure). Solid lines represent patients without VP shunt, while dotted lines represent patients with a VP shunt. Line colors represent age
at RT: 3years (red), 6 years (yellow-green), 9 years (dark green), 12 years (blue), 15 years (purple). (A) Full scale 1Q. (B) Processing speed. (C) Verbal
comprehension. (D) Working memory. Perceptual reasoning was not included because its relationship with dose was not statistically significant.

This study found, consistent with other studies, that brain tumors beyond these 2 histologies.*’#? However, it
presence of VP shunt had a detrimental effect on multiple  should be noted that a shunt is often unavoidable in these
neuropsychological domains. Baseline EIQ can decrease  patients. It is likely that VP shunt is an indicator of severe
up to 13 points in children with a shunt and diagnosis of  hydrocephalus requiring surgical treatment. The contribu-
medulloblastoma or ependymoma.?®?* The negative ef- tion of non-RT factors is an important point because sur-
fect of a shunt is also maintained in studies that included  geries,*'* systemic therapies,**> and direct tumor effects



all likely contribute to neuropsychological change at base-
line and over time.*6

We found strong co-linearity between different
supratentorial brain structures. There are several reasons for
this. First, approximately one-third of patients in this study re-
ceived CSI, which intentionally delivers a homogeneous dose
to all intracranial structures. Second, all patients were treated
with photon RT, which delivers some dose to adjacent brain
structures even with focal treatment. Although our models
found strong associations between specific brain structures
and intelligence index scores, it does not necessarily mean
that total avoidance of one structure with irradiation of the rest
of the brain would result in no cognitive change, due to the
co-linearity observed. Rather, our data describe brain struc-
tures that are more vulnerable to the effects of RT than others,
and reveal sensitive areas that should be carefully evaluated
during RT planning. It may not be possible to completely avoid
certain brain regions, particularly regions of tumor involve-
ment; oncologic control should be prioritized in RT planning.

Strengths of this study include the availability of compre-
hensive intelligence testing in our patient cohort, including
use of tests that provide FSIQ (rather than EIQ).There is ev-
idence that EIQ is less sensitive to changes in children who
have received RT for brain tumors.*? All patients receiving
focal RT had modern, conformal RT planning, ensuring rel-
evance of our findings to patients receiving contemporary
photon RT techniques. Future work should evaluate longi-
tudinal white matter changes and their association with RT
dosimetry.

Our findings are limited by an inability to provide diag-
nosis- or histology-specific models due to insufficient pa-
tient numbers. This was a retrospective study, and many
eligible patients were unable to complete neuropsy-
chology follow-up visits. Different test versions were used;
although they have very good correlation with each other,
this is an inherent limitation to all longitudinal neuropsy-
chology research.'®2" There is also a need for longer psy-
chological follow-up, ideally into adulthood. It is known
that hearing loss plays an important role in neurocognitive
decline*’*%; however, our dataset was unable to formally
examine hearing loss as a mediator of neuropsychological
change due to insufficient follow-up, as hearing loss can
take more than 3 years to occur.’° Not all evaluations were
performed before RT, however, the latent time between
treatment and first neuropsychological assessment was
accounted for in the linear mixed effect models. Finally,
our data were derived from a single photon-treated cohort
only. Further study is required to determine whether our
models are valid in patients treated with proton therapy or
other photon-treated cohorts. Although the availability of
proton therapy is increasing globally, many countries still
do not have access to this advanced treatment modality®’;
thus, our dose-risk models are still widely applicable.

Conclusions

We found an association between FSIQ and mean dose to the
right temporal lobe, processing speed, and working memory
with dose to the supratentorial brain, and verbal compre-
hension and dose to the left and right hippocampi. Models
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to quantify changes across IQ and 4 intelligence domains
were created. These models help oncologists anticipate how
intelligence can change over time with age at RT, use of a VP
shunt, and RT dose. Therefore, we propose that these brain
structures should be routinely segmented and considered
during RT planning. Efforts should be made to minimize dose
to these vulnerable brain substructures to reduce the risk of
long-term neurocognitive changes post-RT.

Supplementary Material

Supplementary data are available at Neuro-Oncology on-
line (http://neuro-oncology.oxfordjournals.org/).
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